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INTRODUCTION 

C a t a l y s t s  con ta in ing  Cu/Zn/Al a r e  w e l l  known a c t i v e  c a t a l y s t s  i n  
methanol s y n t h e s i s  and t h e  water-gas s h i f t  r e a c t i o n ,  and have been 
d e s c r i b e d  e x t e n s i v e l y  i n  t h e  l i t e r a t u r e  ( 1 - 6 ) .  However, l i m i t e d  i n -  
format ion  i s  a v a i l a b l e  on t h e  e lementa l  d i s t r i b u t i o n s  i n  t h e  v a r i o u s  
morphologies p r e s e n t  i n  t h e  many p r e p a r a t i v e  v a r i a n t s  of  t h e s e  c a t a -  
l y s t s .  The unders tanding  of t h e s e  m a t e r i a l  p r o p e r t i e s  and t h e i r  re- 
l a t i o n s h i p  t o  s y n t h e s i s  a c t i v i t y  is a primary goa l  i n  c a t a l y s t  cha r -  
a c t e r i z a t i o n .  In t h e  p r e s e n t  work, t r ansmiss ion  e l e c t r o n  microscopy 
coupled wi th  d i f f r a c t i o n  and e l emen ta l  a n a l y s i s  was used t o  compare 
t h e  chemical s t r u c t u r e ,  morphology and e l emen ta l  d i s t r i b u t i o n  i n  

i t h r e e  d i f f e r e n t  p r e p a r a t i o n s  of a c t i v e  Cu/Zn/Al c a t a l y s t s .  

EXPERIMENTAL 

, 
Two c a t a l y s t s  were prepared  from Z n ( I I ) ,  Cu( I1 )  and A l ( I I 1 )  ace-  i t a t e  s o l u t i o n  by c o p r e c i p i t a t i o n  wi th  sodium ca rbona te  a t  90°C u n t i l  

a pH of 6.9 w a s  reached t o  produce t h e  composi t ions ,  Cu/Zn/Al equa l  
t o  54.4/24.3/23.3 and 27.3/63.6/9.0 a t . % ( p r e p a r e d  a t  Lehigh Univers i -  
t y ) .  Another c a t a l y s t  was s i m i l a r l y  prepared  from n i t r a t e  s o l u t i o n  
a t  3OoC t o  produce Cu/Zn/Al equa l  t o  60.0/30.0/10.0 a t . %  (prepared  a t  
t h e  Un ive r s i ty  of V i r g i n i a ) .  In  a l l  p r e p a r a t i o n s ,  t h e  p r e c i p i t a t e s  

25OOC i n  a 60-70 cc/min 2% H 2 / N 2  mix ture  f o r  t h e  t ime r e q u i r e d  f o r  
t h e  s t o i c h i o m e t r i c  r e d u c t i o n  of CuO t o  Cu. Methanol s y n t h e s i s  a c t i v i -  
t ies  w e r e  determined i n ' a  t u b u l a r  f i x e d  bed f low r e a c t o r  equipped w i t h  
p r e s s u r e ,  t empera ture  and flow r a t e  c o n t r o l s  ( 7 , 8 ) .  Methanol y i e l d s  
were determined by g a s  chromatography. 

inc luded  a scanning  t r ansmiss ion  mode (STEM) was used i n  t h e  char -  
a c t e r i z a t i o n  s t u d i e s .  Samples were prepared  by d i s p e r s i n g  t h e  cata- 
l y s t  powders i n  e t h a n o l  and p l a c i n g  a drop  of t h e  d i s p e r s i o n  on a 
carbon coa ted  t i t a n i u m  g r i d .  Exposure t i m e  t o  a i r  was minimized by 
p repa r ing  and t r a n s p o r t i n g  specimens i n  a N 2  f i l l e d  g love  bag. Energy 
d i s p e r s i v e  X-ray a n a l y s i s  (EDS) f o r  e l emen ta l  i d e n t i f i c a t i o n  and 
q u a n t i f i c a t i o n  was ob ta ined  i n  t h e  manner desc r ibed  i n  r e f e r e n c e s  ( 4 )  
and ( 9 ) .  

, 

! were washed e x t e n s i v e l y ,  c a l c i n e d  i n  a i r  a t  35OoC, and reduced a t  
/ 

'\ 

A P h i l i p s  EM 400T t r ansmiss ion  e l e c t r o n  microscope (TEM) which 

RESULTS 

Methanol y i e l d s  and r e s p e c t i v e  s u r f a c e  areas f o r  t h e  c a t a l y s t s  
s t u d i e d  are g iven  i n  Table I. Data pub l i shed  f o r  c a t a l y s t s  of s i m i l a r  

233 
t 



TABLE I 

ACTIVITIES OF Cu/Zn/Al CATALYSTS 

C a t a l y s t  Sur face  Area MeOH Yie ld  
# Cu/Zn/Al a t . %  m2/g g /g  c a t / h r  

1 60. 0/30.0/10.0a 54.2 
2 52.4/24.3/23.3' 26.0 

3 27.3/63. 6/9.0c 61.8 
4 67 .0 /33 .0 /0 .0  (7 )  7 . 4  
5 30 .0 /70 .0 /0  - 0  ( 7 )  39.3 

1 .35  
1.37 
1.55 

0.41 
1 .35  

aPrepared from y i t r a t e  s o l u t i o n ,  t e s t e d  a t  80 atm, 25S0C, 

bPrepared from a c e t a t e  s o l u t i o n ,  t e s t e d  a t  75 atm, 25OoC, 

'Prepared from y e t a t e  s o l u t i o n ,  t e s t e d  a t  75 a t m ,  250"C, 

GHSV = 5600 hr -  , H2/CO/C02 = 69/27/4 ( 8 ) .  

GHSV = 5000 h r - l ,  H2/CO/C02 = 70/24/6 ( 1 0 ) .  

GHSV = 3150 hr -  , H 2 / C O / C 0 2  = 70/24/6. 

Cu /Zn  composi t ions  p repa red  wi thout  A 1  a r e  g iven  f o r  comparison ( 7 ) .  
A s  shown, h i g h  y i e l d s  are main ta ined  wi th in  a l a r g e  v a r i a t i o n  i n  e l e -  
mental  composi t ion .  Elemental  d i s t r i b u t i o n ,  morphology, and chemical 
s t r u c t u r e  w e r e  de te rmined  f o r  c a t a l y s t s  1 and 3 ( c f .  Table  I ) ,  and 
t h e  r e s u l t s  were compared wi th  p rev ious ly  pub l i shed  d a t a  on c a t q l y s t  
2 ( 1 0 ) .  

Two d i s t i n c t l y  d i f f e r e n t  morphologies w e r e  observed i n  both  ca t a -  
l y s t s  1 and 3. One morphology was a p l a t e l e t  s t r u c t u r e  c o n t a i n i n g  
a l l  t h r e e  metals (Cu/Zn/Al) which gave a ZnO ( 0 0 0 1 )  e l e c t r o n  d i f f r a c -  
t i o n  p a t t e r n ,  and appeared s i m i l a r  t o  t h e  p l a t e l e t  morphology r epor t ed  
i n  c a t a l y s t  2 (10). The o t h e r  morphology w a s  l a c e l i k e  and conta ined  
two me ta l s  (Cu/Zn) i n  t h e  form of Cu and ZnO a s  determined by s e l e c t e d  
area d i f f r a c t i o n  (SAD). The l a c e - l i k e  morphology appeared  s i m i l a r  t o  
t h a t  found i n  an a c t i v e  Cu/ZnO (30/70 a t . % )  methanol c a t a l y s t  ( 4 , l l ) .  
Micrographs o f  t h e  t e r n a r y  p l a t e l e t  and b i n a r y  l a c e - l i k e  morphologies 
wi th  co r re spond ing  dark  f i e l d  images from ZnO a r e  g iven  i n  F igu res  1 
and 2 ,  r e s p e c t i v e l y .  The dark f i e l d  micrographs show t h a t  t h e  ZnO is 
more h igh ly  d i s p e r s e d  i n  t h e  t e r n a r y  p l a t e l e t  morphology. An SAD pat -  
t e r n  of a p l a t e l e t  i s  g i v e n  i n  F igu re  3 which shows t h a t  t h e  ZnO (0001) 
and Cu(T11) p l a n e s  a r e  p a r a l l e l  t o  t h e  s u r f a c e  of t h e  p l a t e l e t .  The 
e p i t a x i a l  r e l a t i o n s h i p  between t h e  Cu and ZnO shows t h a t  t h e  Cu[O521 
a x i s  i s  p a r a l l e l  t o  t h e  Z n O [ l ~ 1 0 ]  a x i s ,  which w a s  s i m i l a r l y  found i n  
c a t a l y s t  2 (10) and  i n  t h e  Cu/ZnO (30/70 a t . % )  c a t a l y s t  ( 4 ) .  Although 
t h e  spo t  p a t t e r n s  appear  t o  have been produced by s i n g l e  c r y s t a l s ,  
t h e y  o r i g i n a t e  from h i g h l y  d i s p e r s e d  Cu and ZnO c r y s t a l l i t e s  i n  
c r y s t a l l o g r a p h i c  r e g i s t r y .  

t e r n a r y  p l a t e l e t  and b i n a r y  l a c e - l i k e  morphologies,  and Cu and ZnO 
c r y s t a l l i t e  s i z e s  de te rmined  by X-ray d i f f r a c t i o n  l i n e  broadening a r e  
g iven  i n  Table  11 f o r  c a t a l y s t s  1 and 3. Publ i shed  d a t a  f o r  c a t a l y s t  
2 i s  a l s o  g i v e n  f o r  comparison ( 1 0 ) .  The m i c r o s t r u c t u r a l  s i m i l a r i t i e s  

C r y s t a l  s i z e s  of ZnO determined from TEM dark  f i e l d  images i n  t h e  

\ 

I 
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TABLE I1 

MORPHOLOGIES AND CRYSTALLITE SIZES O F  Cu/Zn/Al CATALYSTS 

Catalyst Bulk Composition Abundancea zno by TEM (nmIb XRD (nm)' 
# Cu/Zn/Al a t .% of Platelets p l a t e l e t  Binary ZnO cu 

\ 

I 
I 

1 60.0/30.0/10.0 z 10% 2.6 9.1 7.0 12.4 
-- -- 2 52.4/24.3/23.3 "100% 2-4 d 

3 27.3/63.6/9.0 20% 2.6 1 1 . 9  12.3 8.9 

a .  Given as t h e  p e r c e n t  abundance of t h e  t e r n a r y  p l a t e l e t  morphology 
compared t o  t h e  b i n a r y  l a c e - l i k e  morphology. 

bZnO c r y s t a l  s i z e s  are an average  of  100 measurements from TEM dgrk  
f i e l d  measurements produced from t h e  ZnO{1010}, {0002), and { l o l l )  
r e f l e c t i o n s  f o r  t h e  b i n a r y  morphology, and from t h e  ZnO(l'i00) d i f -  
f r a c t i o n  s p o t  f o r  t h e  p l a t e l e t  morphology. 

' C r y s t a l l i t e  s i z e s  determined by X-ray d i f f r a c t i o n  l i n e  broadening 
us ing  t h e  S c h e r r e r  e q u a t i o n  c o r r e c t e d  f o r  i n s t r u m e n t a l  broadening 
( 1 2 ) ;  t h e  C u { l l l }  and an average  from t h e  zno{lOiO}, I O O O Z ) ,  and 
{ l O I l )  r e f l e c t i o n s  were used.  

dLace-l ike b i n a r y  phase n o t  p r e s e n t .  

are  s t r i k i n g  i n  t h e  p l a t e l e t  morphology i n  t h a t  t h e  ZnO c r y s t a l  s i z e s  
are e s s e n t i a l l y  i d e n t i c a l  i n  c a t a l y s t s  1, 2 and 3 ,  and the e p i t a x i a l  
r e l a t i o n  between Cu and ZnO w a s  commonly observed. The h i g h e r  aver -  
age ZnO c r y s t a l  s i z e s ,  de te rmined  by X-ray d i f f r a c t i o n ,  r e f l e c t  t h e  
h igher  c o n c e n t r a t i o n  of t h e  b i n a r y  l a c e - l i k e  morphology which has  
larger ZnO c r y s t a l l i t e  s i z e s  t h a n  t h e  p l a t e l e t  morphology. I n  con- 
t r a s t  t o  c a t a l y s t s  1 and 3 ,  c a t a l y s t  2 had large ( g r e a t e r  t h a n  0 . 1  pm) 
Cu p a r t i c l e s  and t h e  b i n a r y  l a c e - l i k e  morphology w a s  n o t  d e t e c t e d  (10) 

Elemental d i s t r i b u t i o n s  i n  t h e  p l a t e l e t s  determined by EDS w e r e :  
C a t a l y s t  1 had t h e  composi t ion 4 .5 f  3.8 a t . %  Cu, 7 5 . 5 f  2.8 a t . %  Zn, 
and 20.0 f 1 . 9  a t . %  A 1  from 27 measurements, and c a t a l y s t  3 p l a t e l e t s  
conta ined  24 .5 f  7.9 a t . %  Cu,  56.6 f 5 . 8  a t . %  Zn, and 1 8 . 9 f  7.8 a t . %  A 1  
from 23 measurements. No A 1  was d e t e c t e d  i n  the  b i n a r y  l a c e - l i k e  
morphology i n  c a t a l y s t  3 ,  and i n  c a t a l y s t  1 a weak A 1  peak w a s  some- 
times observed which corresponded t o  less t h a n  1 w t . %  i n  t h e  b i n a r y  
morphology. N o  ev idence  o f  c r y s t a l l i n e  Al-containing compounds w a s  
found by e i t h e r  X-ray or e l e c t r o n  d i f f r a c t i o n  a n a l y s i s .  EDS a n a l y s i s  
of p l a t e l e t s  i n  c a t a l y s t  2 r e s u l t e d  i n  8 f 2 a t . %  Cu, 50 f 5 a t . %  Zn, 
and 4 2 f 4  a t .% A 1  ( 1 0 ) .  

DISCUSSION 

Comparison of t h e  methanol y i e l d s  for  t h e  t h r e e  Al-conta in ing  
c a t a l y s t s  s t u d i e d  shows t h a t  act ive c a t a l y s t s  can  be prepared  from 
e i ther  a c e t a t e  or n i t r a t e  s o l u t i o n s ,  and t h a t  h i g h  c o n c e n t r a t i o n s  of 
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Cu a r e  n o t  necessa ry  f o r  high a c t i v i t y .  

morphology because  t h e  only  o t h e r  morphology p r e s e n t  was l a r g e  in -  
a c t i v e  Cu p a r t i c l e s ,  a s  r epor t ed  e a r l i e r  (10). Since  methanol y i e l d s  
f o r  c a t a l y s t s  1, 2 and 3 a r e  s i m i l a r ,  and t h e  r e l a t i v e  abundance of  
t h e  p l a t e l e t  and l a c e - l i k e  morphologies v a r i e d  s i g n i f i c a n t l y  (see 
Table 11), t h e  a c t i v i t y  of t h e  p l a t e l e t  and l a c e - l i k e  morphologies 
must be comparable.  Binary Cu/ZnO c a t a l y s t s  have been prepared  wi th  
high methanol s y n t h e s i s  a c t i v i t y  (see c a t a l y s t  5 i n  Table I ) .  The 
a c t i v i t y  of t h e  b ina ry  l a c e - l i k e  morphology i n  c a t a l y s t s  1 and 3, 
which c o n t a i n s  l i t t l e  o r  no A l ,  s u p p o r t s  t h e  view t h a t  an A1203 com- 
ponent s e r v e s  b a s i c a l l y  as a s t r u c t u r a l  promoter ( 2 ) .  

t i e s  b u t  d r a m a t i c a l l y  d i f f e r e n t  Cu/Zn r a t i o s )  t o  c a t a l y s t s  of s i m i l a r  
Cu/Zn r a t i o s  prepared  wi thout  A 1  (see c a t a l y s t s  4 and 5 i n  Table I )  
shows t h a t  t h e  a d d i t i o n  of A 1  widens t h e  Cu/Zn composi t iona l  range 
which can  be used t o  produce a n  a c t i v e  c a t a l y s t .  Th i s  is  a r e s u l t  of 
t h e  inc reased  d i s p e r s i o n  of Cu and ZnO o c c u r r i n g  i n  t h e  Al-containing 
c a t a l y s t s .  

r e q u i r e  h igh  c o n c e n t r a t i o n s  of copper.  Three b a s i c  morphologies - 
l a rge  Cu p a r t i c l e s  ( g r e a t e r  than 0 . 1  p m ) ,  Cu/Zn/Al p o l y c r y s t a l l i n e  
p l a t e l e t s ,  and a b ina ry  Cu/ZnO morphology can  be  produced i n  d i f f e r e n t  
amounts by v a r i a t i o n s  i n  t h e  i n i t i a l  e l emen ta l  c o n c e n t r a t i o n s  and 
p repa ra t ion  c o n d i t i o n s .  The t e r n a r y  p l a t e l e t  and b ina ry  l a c e - l i k e  
morphologies a r e  a c t i v e  i n  methanol s y n t h e s i s ,  which i s  be l i eved  t o  
be a r e s u l t  of t h e  i n t i m a t e  d i s p e r s i o n  of t h e  C u  and ZnO c r y s t a l l i t e s  
i n  both morphologies.  The A1 component, which appea r s  amorphous, i s  
a s t r u c t u r a l  suppor t  i n  t h e  p l a t e l e t s ,  and widens t h e  Cu/Zn r a t i o  
range f o r  which h igh  d i s p e r s i o n  of  Cu and ZnO can  be ob ta ined .  

The a c t i v i t y  of c a t a l y s t  2 has  been a t t r i b u t e d  t o  t h e  p l a t e l e t  

A comparison of c a t a l y s t s  2 and 3 (which have s i m i l a r  a c t i v i -  

I n  summary, a c t i v e  Cu/Zn/Al methanol s y n t h e s i s  c a t a l y s t s  do n o t  
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1 

Figure  1. E l e c t r o n  micrographs of  t e r n a r y  p l a t e l e t  morphology i n  
c a t a l y s t  3 (Cu/Zn/Al a t . % = 2 7 . 3 / 6 3 . 6 / 9 . 0 ) .  (a1 Br ight  
f i e l d  image, (b)  dark  f i e l d  image from a ZnO(1100) d i f -  
f r a c t i o n  s p o t  (see F i g .  3 ) .  

I 

0.lurr 
Figure  2 .  E l e c t r o n  micrograph of  b i n a r y  l a c e - l i k e  morphology i n  

c a t a l y s t  3 (Cu/Zn/Al a t . % = 2 7 . 3 / 6 3 . 6 / 9 . 0 ) .  ( a )  B r i g h t  
f i e l d  image, (b) dark  f i e l d  image from ZnO(lOIO}, 
{ O O O Z } ,  and {lOIl} d i f f r a c t i o n  r i n g s .  
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, 
Figure  3 .  S e l e c t e d  'area d i f f r a c t i o n  p a t t e r n  of t h e  t e r n a r y  

p l a t e l e t  morphology i n  c a t a l y s t  3 (Cu/Zn/Al a t . %  = 
2 7 . 3 / 6 3 . 6 / 9 . 0 )  showing randomly o r i e n t e d  Cu, from 
t h e  Cu{llll r i n g  p a t t e r n ,  and s i n g l e  c r y s t a l  p a t -  
t e r n s  of C u ( l l 1 )  and Zn0(0001),  de f ined  by t h e  
Cu(022) and znO(l i00)  d i f f r a c t i o n  s p o t s .  
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